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Abstract

Photodynamic therapy (PDT) utilizes photosensitizers (PSs) to produce reactive oxygen species (ROSs) upon irradia-
tion, which causes the shutdown of vessels and deprives the tumor of nutrients and oxygen, and in turn induces
adverse effects on the immune system. However, significant efforts are needed to increase the efficiency in PDT in
terms of light delivery to specific PSs for the clinical treatment of tumors located deep under the skin. Even though
PDT offers a disease site-specific treatment modality, current efforts are directed to improve the solubility (in body
fluids and injectable solvents), photostability, amphiphilicity (for tissue penetration), elimination, and systemic toxicity
of traditional PSs based on porphyrin derivatives. Nanostructured materials show promising features to achieve most
of such combined efforts. They can be artificially engineered to carry multiple theranostic agents onto targeted tumor
sites. However, recent studies on photosensitive Cd-based nanostructures, mostly used in PDT, indicate that leeching
of Cd?* ions is stimulated when they are exposed to harsh biological conditions for continuous periods of time, thus
making them acutely toxic and hindering their applications in in vivo settings. Since nanostructured materials are not
completely immune to degradation, great strides have been made to seek new alternatives. In this review, we focus
on the latest advances of Cd-free nanostructured metal transition sulfides (MTSs) as alternative PSs and study their
high-energy transfer efficiency, rational designs, and potential applications in cancer-targeted PDT. Nanostructured
MTSs are discussed in the context of their versatility to serve as phototherapy agents and superior properties, includ-
ing their strong absorption in the NIR region, excellent photothermal conversion efficiency, controlled reactive oxy-
gen species (ROS) production, versatile surface chemistry, high fluorescence, and structural and thermal stability. We
discuss the latest advancements in correlating the self-aggregation of MTSs with their passive tumor cell targeting,
highlighting their ability to efficiently produce ROSs, and mitigating their dark toxicity through polymeric function-
alization. Treatment of deep-seated tumors by using these PSs upon preferential uptake by tumor tissues (due to the
enhanced permeability and retention effect) is also reviewed. We finally summarize the main future perspectives of
MTSs as next-generation PSs within the context of cancer theranostics.
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Introduction

Cancer, a tumor or malignant growth arising from the

division of abnormal cells, has caused an estimated 19.3

million new cancer cases (18.1 million excluding non-

melanoma skin cancer) and almost 10.0 million cancer
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Agency for Research on Cancer [1]. The deaths are pro-
jected to rise to 28.4 million in 2040. The most diagnosed
cancers are lung (2.2 million), breast (2.3 million), and
colorectal (1.9 million) [1]. Facing this statistical catas-
trophe through regular prevention-focused approaches
and early intervention programs falls short of patients’
expectations, who demand therapeutic alternatives to be
affordable, side-effect discriminated, and more efficient
and effective. Among the existing cancer treatments are
surgery, chemotherapy, radiation therapy, targeted ther-
apy, immunotherapy, laser treatment, stem cell trans-
plant, hyperthermia, and small molecule-based therapy,
being those of immunosuppressive-type most commonly
used [2, 3]. However, although chemotherapy and ion-
izing radiation can destroy malignant growths at suffi-
cient drug/radiation doses, they are noxious to the bone
barrow and provoke immunostimulatory effects such as
induction of heat-shock proteins [4]. In addition, cumu-
lative radiation doses are restricted in radiation therapy,
whereas systemic side-effects are still an issue in chemo-
therapy [5]. It has also been observed a substantial reduc-
tion of the natural killer cell function and diminution of
lymphocytes in surgical resection of tumors, which are
accompanied by high recurrence rates [6, 7] Thus, the
desired cancer therapy must surmount these hurdles, and
not only annihilate the main tumors but also recognize,
localize and destroy any surrounding cancerous cells
(even at distant micrometastases) by simultaneously set-
ting off the immune system [8, 9].

Photodynamic therapy (PDT) is a versatile oncologic
therapeutic modality and has been widely used clinically
due to its intrinsic minimal noninvasiveness and high
selectivity that enable to minimize the adverse impact
on healthy tissues [10-13]. PDT employs three major
components—light, photosensitizer (PS), and molecular
oxygen. The visible light excites the PS accumulated in
cancer cells, and the excited PS transfers photon energy
to surrounding molecular oxygen to produce reactive
oxygen species (ROS) that leads to death of cancer cells
[12, 14, 15]. The PDT offers excellent repeatability with-
out cumulative toxicity, low long-term morbidity, desired
functional and cosmetic outcomes, and enhanced qual-
ity of life of patients [7]. The therapeutic efficacy of PDT
greatly relies on properties of the PS such as aqueous
solubility, greater tumor selectivity, high chemical purity,
strong photosensitivity, and light absorption rate [11].
The idealization of PDT dates back to the early beginning
of twentieth century, when a German medical student,
Oskar Raab, serendipitously found that infusoria and
species of Paramecium caudatum could be killed, when
exposed to sunlight in the presence of a cell-specific dye
called acridine [16, 17]. This was the first report on how
PDT uses PS and since then, several varieties of synthetic
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(aniline dyes, eosin, fluorescein, etc.) and natural (L. rac-
emose, Rose Bengal, A. procera, etc.) drugs have been
developed as PSs [12]. To date, more than thousands
of PSs, including natural and synthetic, are reported
[18-20].

The first-generation PSs, such as hematoporphyrin
derivative (HpD) and photofrin, and second-generation
PSs, such as benzoporphyrins, purpurins, texaphyrins,
and protoporphyrin IX (PpIX), have received exten-
sive clinical uses [21]. However, most of these PSs pos-
sess complex composition and have low light absorption
rate. Further, poor water solubility of these PSs precipi-
tates aggregation, leading to quenching effect [21]. Cur-
rently, there are active research in progress in the field
of nanotechnology in developing PSs with greater tumor
selectivity, enhanced hydrophilicity, and strong pho-
tosensitivity to yield a reliable photodynamic reaction.
The studies show that metal nanoparticles such as gold,
silver and copper, manganese, aluminum nanoparticles;
organic—inorganic hybrid nanoparticles, metal oxide
nanoparticles, metal sulfide nanoparticles, Cd-free nano-
structured metal chalcogenides (NMCs) have been exten-
sively investigated in PDT [22-25]. While nanoparticles
surface endows increased chemical activity, they require
relatively low-power radiation to lead photo-stimulated
reaction to generate singlet oxygen [26].

In this review, we discuss the recent development of
Cd-free NMCs as alternative PSs and focus on the role
of metal sulfide nanostructures in PDT for treatment of
cancer. We consider metal sulfide nanomaterials for ROS
generation to advance the photodynamic method. The
recent developments in terms of high-energy transfer
efficiency, rational designs, and potential applications of
Cd-free NMCs in cancer-targeted PDT will be also dis-
cussed. We discuss the self-aggregation of NMCs in pas-
sive tumor cell targeting. The treatment of deep-seated
tumors by using these PSs upon preferential uptake by
tumor tissues due to the enhanced permeability and
retention (EPR) effect, is also reviewed. We finally sum-
marize the main future perspectives of NMCs as next-
generation PSs within the context of cancer theranostics.

Fundamentals of Photodynamic Therapy

PDT includes the administration of a tumor-targeting
PS drug followed by irradiation with visible light of par-
ticular wavelength corresponding to the absorption spec-
trum of the PS [20]. The energy of the excited PS is then
transferred to molecular oxygen (30,), which produces
acutely-toxic singlet oxygen ('0,), a specific ROS, and
superoxides. 'O, is crucial for inducing tumor cell abla-
tion via oxidation of key cellular macromolecules [7, 27].
A depiction that summarizes the interaction of light with
tissue that results in reflection, absorption, and scattering
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is shown in Fig. 1. Selectivity in PDT depends on the
degree of accumulation of the PS in the cancerous tissue
and its vasculature, and on the restricted application of
the incident light to the lesion zone. Out of the non-irra-
diated areas, the toxicity is minimal and can arise from
the tissue tropism, due to daylight exposure or topical
administration, that the PS shows [27, 28]. To date, the
most widely used PS is photofrin, which is made up of
purified aqueous mixtures of porphyrins [11]. This com-
mercial PS has proven to be effective in certain neoplastic
conditions, such as micro-invasive endo-bronchial non-
small cell lung cancers, inoperable esophageal tumors,
and neck and head malignancies [27, 29]. It has also been
used in treating other types of cancer, including skin,
superficial bladder, ovarian, breast, colon, and prostate
[13, 30-32].

Photophysical and Photochemical Processes
PDT is an intrinsic, dynamic process of the interaction of
light, PS, and oxygen. A proper coordination of the light
source, light delivery and the PS is crucial for an effective
therapeutic delivery in PDT [33]. The dynamic interac-
tion processes can be categorized into (i) photophysical
process—light—tissue interaction and light-PS interac-
tion, and (ii) photochemical process [34]. The incident
light interacts with optically inhomogeneous biological
tissues upon the delivery of light, leading to attenuation
of light energy due to reflection, scattering and absorp-
tion [35], as shown in Fig. 1.

The reflection and refraction (refraction is not shown
in Fig. 1) occur at the interface between two media with

Reflection

Fig. 1 Propagation of light in biological tissue. Interaction of light
with tissue results in reflection, absorption, and scattering

Page 3 of 24

mismatched refractive indices and are governed by
Fresnel’s law and Snell’s law, respectively. The resulting
loss of light intensity directly relates to the relative values
of the refractive indices of the media. The intensity loss
can be minimized by application of light in perpendicu-
lar direction [33]. Scattering of light in tissue is the most
paramount interaction contributing to approximately
90-99% of the total light attenuation [36]. This results
in dispersion of light (widening of light beam) and even-
tual loss of fluence rate, known as power per unit area of
light in W m™2 [35]. While inelastic scattering (Raman
scattering and Brillouin scattering) influences negligibly
the PDT, elastic scattering such as Rayleigh scattering,
and Mie scattering play a dominant role. The Rayleigh
scattering is a more wavelength-dependent process and
occurs when the size of atoms or molecules in tissue is
much smaller than the light wavelength (1/10> particle
size, where A is the light wavelength). In contrast, the
Mei scattering is a non-wavelength selective process and
occurs when the interacting molecules are comparable or
larger than the light wavelength [37].

The absorption of light in tissue occurs when the
photon frequency matches the frequency associated
with the molecule’s transition energy and is influenced
by the optical properties, size, shape, and density of
the tissue elements [38]. Water, hemoglobin, melanin,
cytochromes, elastin, and collagen are the major highly
absorbing molecules in tissue. Together, absorption and
scattering cause light attenuation resulting in loss of light
intensity and leads to reduced scattering coefficient (us)
and absorption coefficient (1) [33]. The light intensity
(I;) at given depth “x” in the tissue can be determined
as I, = Ipe~atrs)* where Ij is the initial light inten-
sity [34]. The effective penetration depth in PDT for solid
tumors is defined as the depth “x” where I, decreases to
37% of Iy. Most of the clinically used PSs show a Soret
band at approximately 400 nm and multiple absorp-
tion peaks between 600 and 700 nm (Q-bands), which
yields light penetration depth of approximately 3—5 mm
depending on the tissue. Therefore, the use of PSs with
absorption peaks at wavelength 700 nm or longer is pre-
ferred for deeper penetration of the light in tissue [38].

While a PS molecule in its ground singlet state (S,)
consists of paired electrons with total spin (S=0) and
multiplicity=1, its exited singlet states (S,, where x=1,
2, 3, ...with increasing energy state) are subdivided into
multiple vibrational levels. The absorption of light by
PS results in transfer of electrons to the short-lived
(nanoseconds) exited singlet state. The electrons in the
exited singlet state, eventually, fall to S, upon relaxation.
According to the vibrational relaxation (VR), an electron
in a higher vibrational level of an exited singlet state (e.g.,
S;) promptly falls to lowest vibrational level of the excited
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Fig. 2 Fundamental photodynamic therapy mechanism to treat
shallow/deep tumors via intratumoral injection. Significantly
modified from Ref. [9]

Page 4 of 24

singlet state (S;), dissipating heat energy. Following VR,
the electron ultimately falls back to S, via fluorescence
emission or release of heat. The emitted light possesses
higher wavelength (or lower energy) than that of origi-
nally absorbed light. Also, the electrons from S; may be
caught into long-lived (milliseconds) triplet excited state
(T,) in between the exited and ground singlet states due
to a non-radiative process known as intersystem crossing,
where the electrons are no longer paired with the ground
state and possess parallel spin. A rapid and stepwise VR
within the vibrational levels in T; can lead the electrons
back to S,, emitting phosphorescence [10, 34].

The excited PS then interacts directly with either sur-
rounding 30, (triplet ground state) to generate 'O, via
energy transfer (~950 meV, type II), or any substrate to
form free radicals via charge transfer (proton/electron,
type I). The fundamental photodynamic therapy mecha-
nism via intratumoral injection and the generation of
reactive oxygen species and excited states are displayed
in Figs. 2 and 3. In type I reaction, the free radicals may

Excited singlet states
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Fig. 3 Generation of reactive oxygen species and excited states of the photosensitizer. Light promotes the excitation of an electron from a
low-energy singlet state (S,) to high-energy singlet states (S, ,). Such states can lose their energy via fluorescence (radiative emission, light) or
internal conversion (non-radiative emission, heat). The spin flipping of the high-energy electron takes places via intersystem crossing, which leads to
a long-lived excited triplet state (T,). Type I and Il reactions favor the formation of free radicals and singlet oxygen ('0.), respectively, in the presence

Singlet
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further react with oxygen to produce ROS. Also, both
reactions may take place simultaneously being their
kinetics strongly favored by the oxygen, substrate con-
centration, and type of PS. Superoxide anion initially
produced via type I pathway by monovalent reduction
does not cause oxidative damage but reacts with itself to
generate oxygen and hydrogen peroxide (H,O,), which
is catalyzed by the enzyme superoxide dismutase [39].
Superoxide also promotes the donation of one electron
to reduce metal ions, which act as catalyst to convert
H,O, into hydroxyl radical -OH. Both H,O, and -OH
are important in biological settings since most cells have
metals, which facilitate such catalyst-based reaction, and
they can easily pass through cell membranes and cannot
be excluded from cells [8]. Highly reactive HO™ induces
not only damage through rate-limited diffusion, but
also add new radicals that react with other molecules in
a chain reaction, which together with 'O, (produced by
type II pathway) causes oxidative damage in lipids, fatty
acids and DNA in areas proximal to the PS localization.

PDT Mechanism for Tumor Destruction

The PDT-induced tumor destruction primarily occurs
both in apoptotic (programmed cell death) and necrotic
(non-programmed cell death) pathways [10, 29]. The
light-activated PS can exert its tumor destruction effect
either through direct tumor cell killing (occlusion of
the tumor-associated vasculature) or modulation of the
immune system [26]. Regarding the first mechanism,
ROS species generated by the photoexcitation of PSs
cause the oxidation of the lipids, fatty acids, and DNA in
areas proximal to the PS localization. This oxidation in
turns induces irreversible damages into the cellular com-
partments (i.e., mitochondria, lysosomes, membrane)
that leads to cell apoptosis, necrosis, or autophagy. These
three mechanisms depend on a variety of parameters,
including the nature of the PS applied, the PDT dose,
as well as the genotype of the cells. For instance, high
intensity light doses generally trigger necrosis, while low
intensity trigger apoptosis [10]. On the other hand, if the
PS is localized in the intracellular compartments the cell
death will probably occur through an apoptotic pathway,
while if the PS is localized in the plasma membrane or
lysosomes, the cell will probably undergo a necrotic or an
autophagic pathway.

The localization of the PS is also controlled by its sur-
face properties. Hydrophobic compounds have been
found to rapidly diffuse into the tumor cells and local-
ized in the intracellular compartments compared to more
polar compounds, which generally internalized through
active processes that are slower and tend to localize on
the outer cellular compartments. All these controllable
factors allow to develop more personalized and efficient
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PDT treatments. The second proposed mechanism relies
on the damage of the tumor vascular system. Similar to
tumor cells, the vessels are abnormal and have poor and
incomplete cellular borders [40] that facilitates the PS
accumulation, which after activation causes a disruption
in the vascular walls and cells, inhibiting the blood flow
to the tumor decreasing the oxygen levels intake by the
tumor (hypoxia) [41]. This event leads to necrosis of both
tumor cells and vasculature, whose lysis stimulates the
release of a high amount of intracellular debris that fur-
ther blockage and collapse the micro vasculature feeding
of the tumor [10, 42]. The PDT-treated dying cells (tumor
cells and vasculature) also release different inflammatory
mediators such as proteinases, peroxidases, cytokines,
growth factors, and other inmunoregulators [9, 43],
that activate an immune response (third mechanism).
The initiation of this immune cascade attracts various
immune cells, such as macrophages and neutrophils to
the treatment region that further contribute to the tumor
destruction by phagocytosing PDT damaged cancer cells
and activating cytotoxic T cells and dendritic cells that
induce necrosis or apoptosis whenever tumor cells are
found [43, 44]. Although all these mechanisms combined
or separated induce mechanistic cell toxicity, a more con-
trolled cell killing process can be achieved by tailoring
the properties of PSs.

Properties for Ideal Photosensitizers

PSs play a critical role in PDT to dictate how efficiently
10, is generated. The PDT-induced anti-tumor effects
and the treatment efficacy of PDT mainly rely on the
properties of PSs. To enhance treatment efficacies, an
ideal PS should possess the following properties: (1) high
tumor selectivity and subcellular targeting capability;
(2) strong absorption with high extinction coefficient at
near-infrared (NIR) wavelength range (700-1300 nm),
where tissue penetration is maximized and the auto-
absorption is minimized by other endogenous molecules
(including hemoglobin); (3) negligible dark toxicity; (4)
high quantum yield of 'O, generation; (5) inexpensive
and economically feasible; and (6) excellent aqueous sol-
ubility. As the development of novel PSs has been evolv-
ing, many of these properties were successfully attained
which were used to sort them out. The first-generation
PSs were developed in the 1970 that included porphy-
rin-based PSs [13]. These PSs were highly effective in
first clinical trials, showing efficient tumor destruction,
negligible dark toxicity and easy formulation in water-
soluble preparations [7]. However, prolonged patient
photosensitivity (poor clearance), low absorption of light
(e=1170 M~ cm™?), and sub-optimal tumor selectivity
have limited its use in PDT. In order to overcome these
limitations, a second generation of PSs were developed
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which included porphyrin derivatives, phthalocyanines,
chlorins, anthraquinones, curcuminoids and its meta-
lated derivatives (i.e., aluminum phthalocyanine tet-
rasulfonate and Si(IV)-naphthalocyanine). These PSs
presented higher quantum yields of 'O,, absorption at
longer wavelengths (630—-850 nm, providing deeper tis-
sue penetration), shorter tissue accumulation, and cuta-
neous photosensitivity. Nevertheless, their poor tumor
accumulation, aggregation, and self-quenching in aque-
ous solutions (as a result of their hydrophobicity) dimin-
ish their PDT efficacy. To tackle these drawbacks, PSs
have been conjugated to biological targeting molecules,
such antibodies, and peptides, or encapsulated in other
carriers (e.g., polymers, micelles, and nanoparticles)
leading to the third generation of PSs. This approach sig-
nificantly increased the tumor selectivity and enables to
minimize: (i) the damage of surrounding healthy tissues,
(ii) side effects including prolonged skin photosensitivity,
and (iii) invasiveness [11].

Nanoparticles in PDT

Recently, the use of nanoparticles (NPs) has been pro-
posed as carriers of PSs due to their unique properties,
such as (1) synthetic feasibility; (2) ease of functionaliza-
tion with target moieties that increase PSs biodistribu-
tion, pharmacokinetics, cell uptake, and selectivity; (3)
ability to transport hydrophobic drugs intravenously;
(4) large volume distribution increasing high delivery of
PSs into target sites; (5) easier internalization and reten-
tion into tumor tissues via the EPR effect given the tumor
leaky vasculature; (6) controlled release of drugs; (7) pro-
tection of PSs against degradation and prolonged circula-
tion in the bloodstream; and (8) versatility to incorporate
other existing therapies or diagnosis modalities to PDT
[7, 27, 45-47]. The use of NPs as cargo for PSs has been
broadly divided into two categories: Biodegradable (natu-
ral or synthetic polymer-based NPs) and non-biodegrad-
able (ceramic or metal-based NPs). Likewise, given that
the distinct nanoformulations dictate the active interme-
diary role of NPs in the process of photodynamic acti-
vation, a new classification was proposed by Chatterjee
et al., namely, as passive, and active nanocarriers [45]. In
the latter, NPs participate in photodynamic process either
as energy transducers or PSs themselves. In the former,
nanostructures absorb the incident light at wavelengths
transparent to the body and then transfer it to the PSs,
thus allowing the possibility to treat deep-seated tumors.
Some of the NPs used for this approach include up-
conversion NPs, noble metal NPs, metal sulfides/oxides,
and carbon-based nanomaterials, which have shown to
be relevant for in vitro and in vivo studies. Nevertheless,
some major limitations of existing organic PSs (such as
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low extinction coefficients and poor photo-stability) pose
a big challenge for clinical applications [11, 26].

In this sense, the innovation of inorganic nanostruc-
tures with the intrinsic ability to produce ROS upon
the absorption of light has open new arenas for their
use as PSs. Some of the first-evaluated inorganic NPs
included TiO,, ZnO, fullerene, and Cd-based quantum
dots [48, 49]. Although these PSs compared to conven-
tional organic PSs exhibit several advantages, some issues
ascribed to low absorption at longer wavelengths have
limited their translation to clinical applications. Recently,
NIR-absorbing metal NPs (e.g., Au, Pd) have been evalu-
ated as PSs due to its high biocompatibility and tunable
surface plasmon resonance absorbance, which not only
induces ROS production but can also generate light-to-
heat conversion (photothermal effect). Their prepara-
tion, however, requires tedious and expensive synthetic
procedures that increase their cost effectiveness. Moreo-
ver, their non-biodegradability raises toxicity concerns
which further limits their clinical applications. Over the
past few years, other metal NPs have been evaluated,
e.g., NIR-absorbing copper sulfide (CuS) NPs due to its
low cost and biodegradability. Previous reports indicate
that these NPs possess low cytotoxicity, high photosta-
bility and photothermal conversion efficiency, intriguing
photodynamic activity, tunable light absorption to longer
wavelengths, higher molar extinction coefficients (at least
3-7 orders of magnitude), resistance to enzymatic deg-
radation, excellent water dispersibility, superior ability
to be conjugated to various biomolecules, and versatile
to be incorporated into relevant multifunctional thera-
nostic systems [50, 51]. More in general, the photody-
namic therapeutic effect of nanostructured metal sulfides
either as next-generation PSs is being currently explored
for cancer treatment or as photothermal agents to treat
other diseases, which will be discussed in detail in the
next section.

Metal Sulfides as Photosensitizers in PDT

Among the most studied NMCs in PDT are the metal
transition sulfides (MTSs), with a general formula MS,_,
which exhibit unique physical and chemical properties.
Depending upon their metal composition, it can crystal-
lize in three main different structures: (i) molybdenite
type (MoS,), (ii) Cdl,-type, and (iii) pyrite (FeS,). This
variability in composition and structure is responsible
for MTS nanostructures to have innate physicochemi-
cal merits, which have been applied in light emitting
devices, photovoltaic devices, catalysts, sensors, and
more recently, in theranostics [52]. As for theranostic
applications, they have promising advantages to be used
as bio-imaging probes, drug delivery cargos, and photo-
therapy agents due primarily to their strong absorption
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in the NIR region (around 700-1100 nm), high extinc-
tion coefficients, versatile surface chemistry, high fluo-
rescence, magnetism, structural, and thermal stability,
which has boomed significant research in the field of
MTSs. Moreover, MTSs are easily obtained through low-
cost synthetic methods compared to other NIR absorb-
ing metal NPs, such as gold, silver, and copper [52]. For
instance, the cost of 1 mol of Au atoms is estimated to be
around $52,200, while the same amount of 1 mol of CuS
molecules costs nearly $330 [50]. We highlight below the
use of the main types of MTSs as passive and active pho-
tosensitizer agents recently published in the literature.

Molybdenum Disulfide

Molybdenum is a transition metal with electronic
configuration [Kr] 4d° 5s' and exhibits superior cata-
lytic reactivity because of its half-filled d and s orbit-
als. Molybdenum disulfide (MoS,) part of the transition
metal dichalcogenide families are generally prepared
by incorporation of Mo sheets into sulfur sheets, which
are kept together by intense covalent interactions. MoS,
nanosheets are atomically-thin two-dimensional (2D)
layers analog to graphene that have shown great poten-
tial in a wide range of fields, including biomedicine given
their unique optical, electronic, and mechanical prop-
erties. Reports show that nanostructured MoS, could
interpenetrate cells via endosomal cell uptake and pino-
cytosis [53]. In terms of NIR absorbance, Chou et al. first
demonstrated that single-layer MoS, sheets have higher
absorbance in the NIR region than graphene and better
extinction coefficient compared to gold nanorods. This
study substantially prompted extensive research thereof
as NIR-triggered drug delivery platforms and photother-
mal agents [54]. In PDT, MoS, nanosheets have been
mostly used as a passive platform due to their extraor-
dinary surface-area-to-mass ratio 2D structure that ena-
bles them to load therapeutic molecules more efficiently.
In addition, their innate photothermal properties endow
these therapeutic platforms with intriguing synergistic
effects suitable for cancer treatment. Liu and co-workers
were the first to report one of these platforms that consist
of lipoic acid-terminated polyethylene glycol (LA-PEG)
MoS, nanosheets loaded with PS chlorin e6 (Ce6) [55].
They observed a higher cellular uptake of Ce6 upon light
irradiation of 800 nm and a significant enhancement in
PDT efficiency in vitro. This enhancement was ascribed
to a mild hyperthermia effect that increases membrane
permeability and in turn promotes higher cellular uptake.
The photothermally enhanced PDT synergistic effect was
similarly demonstrated in vivo inducing controlled delays
in 4T1 tumor growth in injected mice. A comparable sys-
tem was reported by Jia and co-workers working with
Ce6 labeled with an ATP aptamer before being loaded to
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MoS, nanoplates, which produced a desired drug deliv-
ery response [56]. Their studies indicate that after nano-
probe internalization ATP-abundant lysosomes induced
the release of the single-stranded aptamer from MoS,.
Subsequently, the Ce6 fluorescence (excitation wave-
length 633 nm) allowed the imaging of intracellular ATP
and generation of 'O,. This turn-off nanoprobe system
reduced the dark toxicity associated to Ce6 and showed
enhanced anticancer properties.

Nanostructured MoS, has been also regarded as a
potent alternative to graphene due to its 2D structural
similarity, excellent charge-density wave transition, con-
ductivity, biocompatibility, and superb electrical prop-
erties. Recently, for instance, Liu et al. have shown that
nanostructured MoS, was less hepatotoxic in compari-
son with graphene oxide [57]. Compared to graphene
oxide, nanostructured MoS, has a wide range of appro-
priate properties for applications in energy storage, cata-
lysts, and biomedicines because of their low-cost, exotic
features, and physicochemical characteristics [58—60].
Specifically, the great biocompatibility, extremely effec-
tive valency, and high sensitivity of nanostructured MoS,
are more promising than graphene oxide to expand and
design nanoprobes for optical imaging, drug delivery,
medical bioimaging, and foremost for cancer photo-
therapy [54, 56, 61]. A “four-in-one” nanoplatform, for
instance, based on bioconjugated MoS, was constructed
and designed by Song et al. to discover favorable imag-
ing-guided phototherapy, photothermal therapy (PTT),
and PDT, where the nanostructures were synthesized
via the hydrothermal method [61]. The group proposed
that nanostructured MoS, can be used as a PS material
for PDT in cancer treatment (see Fig. 4). In this study,
the authors intermixed bovine serum albumin (BSA)
with MoS, to modify biocompatibility responses and
then conjugated with Cy5.5 (a bright, near-IR fluores-
cent dye) to obtain innovative fluorescence imaging fea-
tures, as shown in Fig. 4. Through in vitro and in vivo
experiments, the nanoplatform was proved to induce
photoablation of tumor cells and tissues (see Fig. 4).
B-ultrasonography and MR imaging were used to moni-
tor the solid tumor removal after therapy, which showed
a liquefaction necrosis process for rehabilitation.

In a separate account, a multifunctional PC10A/
DOX/MoS, hydrogel system was prepared by Jin et.al
for chemotherapy/PTT/PDT of 4T1 tumors [62]. The
authors also investigated the immune responses caused
by the photothermal and photodynamic effect of MoS,
nanosheet in the hydrogel. PC10A/DOX/MoS, were
produced by loading positively charged DOX (drug) and
negatively charged PC10A (hydrogel) on the surface of
MoS, nanosheets through a layer-by-layer approach,
which resulted to be injectable and possess great
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biocompatibility. Two-dimensional MoS, nanosheets in
the hydrogel were then tested as photodynamic agents
controlling ROS production. The results indicate that
PC10A/DOX/MoS, hydrogel in presence of laser expo-
sure can have antitumor immune influences to prevent
the development of primal 4T1 breast tumors and distal
lung metastatic nodules. The overall findings proved that
PC10A/DOX/MoS, hydrogel is beneficial for antitumor
immunity therapy to treat malignant tumors via PDT.
Similarly, Xu et al. (2017) IR-808 dye sensitized upcon-
version nanoparticles (UCNPs) with a chlorin e6 (Ce6)-
functionalized silica layer, which was then integrated
with Mo$S, nanosheets for imaging-guided PDT [63]. In
this study, MoS, nanosheets were synthesized through
liquid exfoliation of bulk MoS, flakes, which were pre-
pared by molten salt electrolysis method. The nanoplat-
form shows both abundant ROS and local hyperthermia
when exposed to a single 808 nm laser irradiation on the
photosensitizer. These in vitro and in vivo tests suggest
that this nanoplatform offers great cell killing and tumor
inhibition efficacy when both PTT and PDT approaches
are combined.

It is noteworthy that some Cd-free NMCs (e.g.,
molybdenum diselenide, MoSe,) can be also consid-
ered as innovative PTT agents with therapy efficacies
comparable to MoS,. MoSe, exhibits a direct band

gap of ~1.5 eV (compared with MoS, ~1.8 eV) and
excellent long-wavelength NIR absorption, which can
induce stronger penetrability in deep-tissue photother-
mal therapy [64]. A nanosystem of indocyanine green
(ICG)-loaded MoSe, nanoparticles (MoSe,@ICG-PDA-
HA) with dual photothermal/photodynamic functions
under near-infrared irradiation was developed by Liu
et al. [64]. They reported that MoSe,@ICG-PDA-HA
can contribute to the production of ROS after a min-
ute exposure of 4T1 tumor cells without affecting
D-a-tocopherol succinate-treated groups with free
ICG or prior MoSe, NPs. The authors further found
that ICG and MoSe,@ICG-PDA-HA could produce
ROS during irradiating with 808 nm NIR laser, which
decreased the extra anti-ROS factor (tocopherol). To
explore the inhibitory effect of MoSe,@ICG-PDA-HA,
the authors incubated the multicellular spheres with
PBS, ICG, MoSe, NPs, and MoSe,@ICG-PDA-HA
about 24 h, respectively, and then irradiated 5 min by
laser (0.5 W c¢cm™?). The MoSe,@ICG-PDA-HA + Laser
group showed the best inhibitory effect on multicellu-
lar spheres growth, and the cell sphere volume became
the original 41.8%, which was better than the MoSe2
NPs + Laser group (66.7%) and the ICG + Laser group
(62.2%). This nanoplatform is a promising system that
could enhance the photothermal/photodynamic syn-
ergy effect to effectively treat cancer.
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Zinc Sulfide
Another type of MTSs used to increase the efficiency of
PSs in PDT is zinc sulfide (ZnS), which is a [I-VI semi-
conductor compound that has various applications in
nanomedicine [65]. Nanocomposite of reduced graphene
oxide (rGO) and CulnS,/ZnS nanocrystals (CulnS,/ZnS/
liposome-rGO NCs) was developed to investigate both
PDT and PTT. In vivo studies in mice bearing tumors
induced by esophageal cancer Eca-109 cells indicate that
CulnS,/ZnS/liposome-rGO markedly reduced the tumor
size, while in vitro studies revealed a significant induction
of apoptosis in human esophagus carcinoma cells upon
irradiation of 671-nm laser. The findings show that the
nanocomposites not only can produce ROS in the pres-
ence of light (671-nm laser), but also turn light into heat
energy. In addition, ROS and heat produced by CulnS,/
ZnS/liposome-rGO were superior to those produced by
CulnS,/ZnS/liposome and rGO nanosheets alone [66].
To understand more the role and capability of ZnS to
produce ROS, water-soluble Mn-doped ZnS quantum
dots (ZnS:Mn QDs) were investigated by Diaz-Diestra
et al. and used as potential PSs [67]. The authors selected
the RB/DPBF pair system because the photo-oxygenation
pathway can generate 'O, via a Type-II reaction. In this
sense, ZnS:Mn can generate excited singlet state oxygen
by energy transfer. They found that the quantum yield of
'0, is 0.62 in buffer and 0.54 in water in the presence of
a chemical scavenger and a standard dye when ZnS:Mn
QDs were used as PS (532 nm laser). The authors empha-
sized that dependency of the reaction on dissolved O,
showed that 'O, is produced by the QDs during the pho-
tosensitization process and there is no oxidation of DPBF
in the absence of light source. The findings were in agree-
ment with a chemical trapping energy transfer mecha-
nism and demonstrate the capability of ZnS:Mn QDs not
only as PDT PSs but also as luminescent nanoprobes for
cancer theranostics. In a similar study, Martynenko et al.
demonstrated an enhanced PDT efficacy for the destruc-
tion of Ehrlich ascites carcinoma (EAC) cells using Cd-
free ZnSe/ZnS quantum dots (QDs) and chlorin e6
complexes (water-soluble QD-Ce6 complex), when irra-
diated with 405 nm diode laser (power density of 40 mW
cm™2) [68]. The enhanced PDT efficacy of the complex
was ascribed to the synergistic effect of the QDs on the
Ce6 intracomplex photoexcitation energy transfer and
on the increased cellular uptake of Ce6. Further investi-
gation shows that in absence of Ce6 using similar ZnS-
based QDs photodynamic effects were induced, which
were used on pancreatic cancer cells [69]. After treating
human pancreatic SW1990 cancer cells with QDs and
irradiating with 365 nm light, the authors detected Bcl-2
and caspase-3 via real-time PCR and protein immuno-
blotting. In addition, cell viability was remarkably less
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in the presence of exposure or with a longer incubation
time and a superior light dose. Ultrastructural varia-
tion in SW1990 cells with organelle degeneration and
chromatin condensation and aggregation in the vicinity
of nucleus were also observed by the authors when the
QDs where light exposed. The authors concluded that the
QDs can be used as a promising PS to inhibit SW1990
cell proliferation through ROS generation and apoptotic
protein expression regulation.

Copper Sulfide

Copper sulfide (Cu,_,S) NPs, a p-type semiconductor,
have attracted increasing attention in recent years due to
their excellent surface plasmonic absorbance in the NIR
region, which can be exploited in theranostic applica-
tions. This property originates from the free holes of the
unoccupied highest energy states of the valence band,
which are strongly dependent on the crystal phase of
the NPs and in turn on the Cu/S ratio [70]. Some of the
most dominant structural phases include Cus;S;4 (mono-
cyclic phase), CuyS; and Cu, ¢S (cubic phase), Cu,S, and
Cu, ;S (orthorhombic phase), CusgSs, and Cu, ¢S (tri-
clinic phase), and CuS (hexagonal phase or covellite). It
has been reported that more copper deficiency in the
lattice structures (Cu,_,S with x>0) is a result of the
decrease in the Cu/S ratio, which increases the concen-
tration of free carriers and induces the observed localized
surface plasmon resonance (LSPR) absorbance in the
NIR region [71, 72]. In a similar analysis, when the Cu/S
ratio increases, as in Cu,S (with x=0), the few free car-
riers (holes) decrease and LSPR is not observed. Besides
varying compositions, tuning Cu,_,S NPs morphology
can also alter their LSPR. However, through the current
synthetic approaches, most of the reported morphologies
fall within the microsize regime, hindering further bio-
medical applications [73]. Compared to plasmonic met-
als including gold NPs (whose free carrier concentration
is fixed and consequently, their LSPR can only be tuned
by varying the NP morphology and damping parameter),
the LSPR of Cu,_,S NPs can be tuned throughout the
NIR region upon varying composition and crystal struc-
ture [50, 51, 74]. Consequently, the cost of the therapy
could be reduced given the abundance of this metal and
the easily scalable synthesis of Cu,_,S, which makes them
promising candidates as translational phototherapeutic
agents. For instance, producing 1 mol of Cu,_,S costs
around $330 and 1 mol of Au costs $52,200 [48]. More-
over, Cu,_,S is resistant to photobleaching and photo-
degradation and, due to its tailorable LSPR, it exhibits
fine-tune absorption spectrum and large extinction
coefficients in the NIR region. Han et al. [51] reported
that bovine serum albumin (BSA)—folic acid (FA) func-
tionalized hollow Cu,_,S nanostructures can be used as
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drug delivery vehicle to target indocyanine green (ICG,
a NIR-absorbing phototherapeutic agent) to HeLa cells
(see Fig. 5). It was demonstrated that this drug delivery
strategy significantly improved the stability and reduced
the dark toxicity of free ICG, which tends to aggregate in
biological fluids. Moreover, the hybrid system exhibited a
higher photothermal heating effect and capability to gen-
erate 'O, under laser irradiation, when compared to bare
nanocarriers. No obvious cell death was observed when
treating the cells with CuS—-BSA-FA and CuS-BSA-FA/
ICG under dark conditions, however after NIR irradia-
tion, cells were destroyed when CuS/ICG-NIR was used
(see Fig. 5).

To date, the use of Cu,_,S as PSs in PDT has been sig-
nificantly expanded. Wang et al. were the first to report

Page 10 of 24

that Cu,_,S NPs not only exhibited photothermal effect
but also generated concomitantly high ROS levels under
NIR laser light irradiation (at 808 nm and 0.6 W cm™?),
which induced human melanoma B16 tumor destruc-
tion (see Fig. 6) [74]. Cu,_,S NPs were synthesized by a
non-injection approach and capped with oleylamine. The
average core diameter was 6.5 nm obtained from TEM
analysis. To allow NP dispersion in polar solvents (includ-
ing water and PBS at pH 7.4), oleylamine was exchanged
with amphiphilic thiolated PEG molecules (carboxyl-
PEG-SH, molecular weight 3 kDa, and methoxy-PEG-SH,
2 kDa). After the ligand exchange reaction, the authors
noticed a blue-shift and intensity increase in the LSPR
band ascribed to partial oxidation of the anion sublattice,
which introduced additional holes in the upper edge of

Without laser

With laser

Washington, DC

Fig. 5 a Schematic illustration of the construction of CuS-BSA-FA as a vehicle to deliver ICG showing the mechanism of PDT and PTT therapies.
b Cytotoxicity assays on HeLa cells in the presence of CuS-BSA-FA, ICG and CuS-BSA-FA/ICG with or without NIR irradiation (1 W cm™2 for 5 min).
c Hela cells in the presence of CuS-BSA-FA (60 mg mL™"), ICG (2 mg mL~") and CuS-BSA-FA/ICG (60 mg mL~" for CuS-BSA-FA and 2 mg mL™"
for ICG) with and without laser irradiation (1 W cm™2). Reproduced with permission from Ref.[51]. Copyright 2016, Royal Society of Chemistry,

B 30 ;:g/mL CuS-BSA-FA or 1 ug/mL ICG
23 60 ug/mL CuS-BSA-FA or 2 ug/mL ICG
120 pg/mL CuS-BSA-FA or 4 pg/mL ICG
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the valence band and consequently a shift in the LSPR to
higher energies. The hydrodynamic size of Cu,_,S in PBS
was approximately 12 nm, which could allow the NPs to
easily extravasate and reach targeted tumor sites.

In the same study, the authors noted that an increase
in power density (up to 2.3 W cm™) resulted in a tem-
perature increase (30.6 °C) of PEG—CusS solution within
10 min, yielding 16.3% of photothermal efficiency when
assessed in PBS. A slight aggregation was observed at
temperatures higher than 60 °C in PBS, which was attrib-
uted to the striping of PEG ligands without significant
effects on the NPs photothermal efficiency. The photo-
thermal conversion efficiency (PTCE) was also tested on
human melanoma B16 tumor-bearing Balb/c nude mice.
The NPs were intratumorally injected at a concentration
of 15 (mg kg™?!) in Cu, and the mice were irradiated with a
NIR laser (at 808 nm, 0.6 W cm ™2, and a spot size of 2 cm
in diameter) for 100 s. Compared to the control group,
the group of animals that received the NPs injection (also
exposed to the laser treatment) showed a remarkable

temperature increase by approximately 14 °C in the IR
thermal map of the tumor region, which was enough
to kill the tumor cells in xenografts (see Fig. 6). To shed
more light upon the death mechanism pathway, the
expression of HSP70, a biomarker for elevated stresses
(i.e., elevated temperature), and ROS were measured. A
high overexpression of HSP70 led the authors to further
investigate the photodynamic properties of the NPs. The
methods used to detect ROS were electron paramag-
netic resonance (EPR) spectroscopy and a fluorescence
assay. The former assay enables the detection of free radi-
cals, such as *OH and superoxide (‘O,"). These radicals
form an adduct composed of 5,5-dimethyl-1-pyrroline-
N-oxide (DMPO) and 2,2,6,6-tetramethylpiperidine
(TEMP) with a spin-trapping agent, which shows typical
triplet and quadruple ESR signals. NP solutions at differ-
ent concentrations (from 0.5 to 2 mg mL™') were irra-
diated with NIR light irradiation (808 nm, 0.6 W cm 2
for 5 min) and the spectra were recorded. The resulting
ESR spectra show the characteristic multiplicity 1:2:2:1
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of DMPO-OH and a notorious enhancement of up to
83.5% in *OH levels. No obvious ESR signal was detected
for 'O,-spin trapped adducts. Also, the ROS genera-
tion induced by NIR light irradiation of Cu,_,S NCs was
found to be both concentration and laser power depend-
ent (Fig. 6). The second assay focused on ROS detection
monitored the oxidation of non-fluorescent dye dichloro-
fluorescein diacetate (DCFHDA), which after exposure
to ROS was converted to 2,7-dichlorofluorescein (DCEF, a
highly fluorescent derivative at 529 nm when excited to
495 nm). The assessments were done in cells and aque-
ous solutions. Under both circumstances, a much higher
DCF fluorescence signal was found in Cu,_,S NIR-irradi-
ated samples compared to the controls (neither NCs nor
NIR), and only negligible DCF fluorescence was observed
in Cu,_,S group (no NIR exposure). An increase in tem-
perature was recorded not only as the NPs concentra-
tion increased but also as copper leakage took place. The
detected absorbance is ascribed to ROS formation while
the emission signals are caused by the cleavage of the
acetate groups.

This leakage was proposed as the initiator behind ROS
production. Under NIR light and tumor acidic envi-
ronment, Cu(I) ions leaking from the NCs react with
surrounding hydrogen peroxide to form Cu(II), hydrox-
ide, and hydroxyl radicals similar to that produced in a
Haber—Weiss reaction. This ROS production along with
the increase in temperature leads to tumor cell destruc-
tion. The combination of both therapies enhanced the
in vitro and in vivo therapy results. In the in vitro tests,
B16 cells were treated with PEG-Cu,,S NPs, and exposed
for 3 min to an 808 nm NIR laser with a power density
of 2.3 W cm™2, All the experiments evidenced increasing
cytotoxicity against B16 cells in a dose and time-depend-
ent manner. After 48 h, the IC50 values (0.995 pg mL™*
Cu) for Cu,_,S -NIR were about 11 times lower com-
pared to those obtained at 24 h for the exposed group
(15.27 pug mL™Y). Fluorescence microscopy revealed dis-
ruption of the cell cytoskeleton for the treated group,
while the control group treatments did not cause any
significant disruption. The therapeutic efficiency was
further assessed in vivo in B16 subcutaneous tumor-
bearing nude mice for the Cu,_,S-NIR treated group and
an inhibition of 90% was observed compared to the con-
trol group. The therapeutic efficiency is ascribed to the
combination of PTT and PDT, making Cu,_,S promising
for cancer treatment. Wang’s findings have catalyzed the
development of other dual PDT and PPT Cu,_,S agents
and paved the way for research on the mechanism behind
intracellular ROS production. In this spirit, Li et al. pre-
pared 5-nm pegylated Cu,_,S NPs and studied their pho-
tothermal and photodynamic activities for the treatment
of lung adenocarcinoma SPC-A-1 in vitro and in vivo.
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SPC-A-1 lung cancer cells incubated with PEG-Cu,_,S
NPs were irradiated with an 808-nm laser (1 W cm™2
power density). The in vitro combined therapy caused
approximately 70% reduction in cell viability, whereas in
the control cells incubated with Cu,_,S NPs without laser
irradiation, no decrease in cell viability was observed. In
the in vivo combined therapy, the mice bearing SPC-A-1
tumors were injected with PEG-Cu,_,S NPs, followed by
irradiation using an 808-nm laser, and the tumor volume
was monitored for 2 weeks. Tumor suppression and delay
in growth were observed for the mice group treated with
NIR and PEG-Cu,_,S NPs under irradiation, which was
ascribed to the synergistic effect of NPs. Tumor tissues
were collected and histochemically stained with hema-
toxylin and eosin. For the treated group, nuclear pyk-
nosis, cytoplasmic edema, and some leaking patches of
eosinophils were observed in the tissues, which are indic-
ative of tumor necrosis. A decrease in the expression of
Ki-67, a nuclear non-histone protein frequently overex-
pressed in proliferating cells, further confirmed the effec-
tiveness of the dual therapy. Through a fluorescent assay,
10, was ascertained as one of the ROSs produced for IR-
activated Cu,_,S in tumor cells.

To further improve the PTCE and ROS generation of
Cu,_,S NPs, hollow-structured Cu,_,S nanocubes were
developed following a Kirdenkall approach [75]. CuO
nanocube and thioacetamide were used as precursor
and sulfur source, respectively, under optimized reac-
tion time and reagent concentrations. The particle size
ranges from 250 to 300 nm. Given their hollow struc-
ture, Cu,_,S nanocubes (compared to spherical 100 nm
Cu,_,S NPs) showed improved PTCE (30.3%) and good
structural stability against laser exposure. This enhance-
ment was related to the enhanced light reflex observed
in hollow structures (mirror cavity effect). Moreover,
given the porous cavity of the Cu,_ .S hollow structure
and the negative surface potential, doxorubicin, an anti-
cancer drug, was loaded and showed a significant load-
ing capacity of 15.49%. The in vitro synergistic effect of
the chemotherapy associated to PTT and PDT displays
enhanced cytotoxicity on HepG2 cancer cells, as shown
in Fig. 7. ROS generation was assessed in vitro and in
PBS via the DCFH-DA assay. Strong green fluorescence
was observed for cells treated with NIR-Cu,_,S NPs. To
detect the possible active ROSs, the author added two
scavengers (p-benzoquinone and isopropanol) to the
DCFH-DA PBS solutions. The addition of these scaven-
gers induced a decrease in fluorescence signal, suggesting
the formation of -OH and -O,_ radicals.

The authors also measured the fluorescence spectra of
DCFH treated with Cut, Cu' (ethanediamine, a chelat-
ing agent of Cu ion), Cu" (N, bubble), and Cu*" solu-
tion to further confirm the effect of Cu™ ions on ROS
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Fig. 7 a Cell viability of HepG2 cells incubated with DOX-CuS@PEG nanocubes at different concentrations and subjected to NIR laser exposure
(808 nm, 2 W cm) for 20 min. b Fluorescent images of DCFH stained HepG2 cells after curing with C;S@PEG with and without exposure of 808 nm
light 2 W cm™) for 10 min. Reproduced with permission from Ref. [75]. Copyright 2019, Elsevier, Amsterdam, Netherlands
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production. Only under the first condition, ROS genera-
tion was detected, which further confirmed the pivotal
role of Cu™ in the photodynamic activity of Cu, S NPs.
In addition, it was noted that an increase in temperature
and immersion time considerably benefits the ROS pro-
duction, which reinforces the PTCE relevance of these
NPs. Based on these findings, the proposed mechanism
for Cu-based PSs is as follows.

Firstly, Cu leaked from the NPs reacts with the sur-
rounding O, (oxidizes to Cu*") through a single electron
process

034 Cu™ — Cu™? + 05 (1)

Then, -O,— can further react with the surrounding Cu*
to produce H,O,,

0, +Cut — Cu™ 4 Hy0; )

This Cu*" can react with H,0O, through the Haber—
Weiss and Fenton reactions generating -OH keeping the
cycle between Cu™ and Cu*" redox states,

H,05 + Cu*t — CutO,H + HY 3)

H,0, + Cut - OoH — Cut + Oy + OH + H,O (4)

Considering the abundant hole carriers in CuS nano-
materials, a second mechanism was proposed for ROS
generation, which would be mediated through a reac-
tion between holes and water molecules (photocataly-
sis). However, some questions remain open regarding the
exact ROS production mechanism, which requires fur-
ther study for the improvement of the therapy.

In pursuit of developing CuS-based systems that
exhibit similar synergistic photothermal and photo-
dynamic effect on cancer cells, Huang et al. reported a
yolk-shell structure of Cu,_,S and upconversion nano-
particles (UCNPs) [76]. The as-prepared UCNPs@CuS
system showed higher generation of ROS species (such as
hydroxyl radicals and 'O,) when compared to bare Cu$S
counterparts. The PDT effect combined to an enhanced
photothermal effect resulted in significant death of 4T1
murine mammary carcinoma cells under an irradiation
of 808 nm. Likewise, Chang et al. developed a yolk-shell
nanoparticles (YSNPs) of gold (Au) core@void@cop-
per sulfide (CuS) shell (Au-CuS) for chemo-, photother-
mal, and photodynamic combination therapy of cancer
[77]. The authors observed that this structure facilitates
the incident light to be concentrated into nanoscale hot-
spots of plasmonic metal cores, when there is a match of
the incident light wavelength with the LSPR absorption
wavelength of the plasmonic metal core, which produces
local electromagnetic field enhancement to induce a res-
onance energy transfer (RET) from the plasmonic metal
to the semiconductor. The activation of RET process
could be thereby used in plasmonic metal core@void@
CusS shell YSNPs for improvement of both photothermal
and photodynamic performance of CuS (see Fig. 8), as
the authors indicated.

RET activation was proved to significantly improve the
photothermal performance to almost 50% compared to
their bare counterparts (p-CuS HNPs and Au) and other
physical mixtures. RET activation from Au core to CuS
shell also enhanced the electron—hole pair in CuS shell,
facilitating more radical formation thus resulting in supe-
rior photodynamic performance. Interestingly, no other
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Fig. 8 Graphical representation showing the improved therapeutic performance of Au-CuS YSNPs based on resonance energy transfer (RET)
activation that can be used for chemo-, photothermal, and photodynamic combination therapy. Reproduced with permission from Ref. [77].

ROS species such as 'O, and ‘O,” were detected, which
could be indicative of a type I PDT process that might
be useful for the treatment of hypoxic tumors. To opti-
mize and obtain the most effective RET process of Au-
CuS YSNPs, the morphology of Au cores was varied from
nanospheres to nanorods yielding different LSPR absorp-
tion peaks at 520, 700, 808, 860, and 980 nm. It was found
that Augy and Augg, induced the highest temperature
elevation and -OH production under 808 and 980 nm
laser irradiation, respectively. Similarly, increasing of

shell thickness reduced the RET efficiency. Through
in vivo studies, the authors concluded claiming that
p-Au-CuS YSNPs exhibit efficient tumor accumulation,
effective tumor growth inhibition, excellent biocompat-
ibility in 4T1 tumor-bearing mice, and superior photody-
namic properties to treat cancer (see Fig. 9).

Other Metal Sulfides
More recently, other nanostructured metal sulfides with
unique physical and chemical properties and promising



Diaz-Diestra et al. Nanoscale Research Letters (2022) 17:33

Page 15 of 24

d CuS sAug,CuS b
B All700-CllS o Au808'cus

120 " Augg-CuS ® Augg-CuS _ 120 -
X100 { M LI - W X100 { g
N’ [ " " e’ :
z 80 z s 4L
2 60 Z 60 1] -
= = :
> 40 > :
@ 20 5
S | | o

6.3 12.5 25 50 100 200
Dose of CuS (ng/mL)

= Control - NIR

Dox e Au”o-cus
2000 4 Auggy-CuS@Dox
E 1500 | —o— NIR+Auggo-CuS@Dox
@
£
= 1000 1
° 1
> i
B
(=}
£ 500
= _
0 ————; v y y
0 3 6 9 12 15
Time (d)

C
25 pg/mL 120 - * 25 pg/mL
w50 pg/mL 00 " 50 pg/mL
w 100 pg/mL °: = 100 pg/mL
i+ .+ 3
«<
] L - =
i
o

Fig. 9 a Viability assessment of 4T1 cells exposed to different concentrations of NPs (CuS content) for 24 h. b, ¢ Viability assessment of 4T1 cells
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presence (980 nm laser, 0.9 W cm™, 5 min) and absence of irradiation. e Representative photos of tumor-bearing mice after treatment. Reproduced
with permission from Ref. [77]. Copyright 2018, American Chemical Society, Washington, DC

Control NIR

NIR NIR

photodynamic response for cancer treatment have been
reported. Among them, iron sulfide [78], silver sulfide
[79, 80], bismuth sulfide [81, 82], and cobalt sulfide [83]
stand out. Iron sulfide comprises iron and sulfur at dif-
ferent proportions and exists in different phases, such
as Fe;_,S (pyrrhotite), FeS (mackinawite), FeS,, (pyrite),
Fe,S, (greigite), Fe,S;; (smythite), and FeS,,, (marcasite)
[78]. The phase, shape, and physicochemical properties
of iron sulfide nanoparticles depend primarily on the iron
content [78]. FeS, is considered a non-toxic material and
its production is cost-effective due to the high abundance
of its elements [84]. Its unique magnetic properties, bio-
compatibility, biodegradability, and facile synthesis, make
FeS, attractive as a theranostic agent [85, 86]. Inspired

by these excellent features, Jin et al. developed a nanodot
system based on FeS,@BSA-Ce6 and evaluated its effi-
ciency on murine breast cancer (4T1) cells (see Fig. 10)
[87]. The authors found that FeS,@BSA-Ce6 nanodots
induce significant cell death and slow tumor growth
upon irradiation (660 nm xenon lamp at 5 mW cm~? for
30 min), as shown in Fig. 10. Also, in efforts to merge
PDT and PTT therapies using FeS,, Li et al. investigated
the efficiency of FeS,@C-PEG yolk-shell nanostructures
in both therapies [88]. They reported that both the par-
ticles excited by the light source and dissolved O, played
critical roles in producing ROS. The authors also conju-
gated the indocyanine green (ICG) photosensitizer to
FeS,@C-PEG to enhance the PDT and PTT efficiency.



Diaz-Diestra et al. Nanoscale Research Letters (2022) 17:33

Page 16 of 24

b

120

a e,
Folip,, 25°C
T mixing
Swy oot
27 fj’{ J F e2+
BSA Fee”
Photothermal %
therapy Jing F
- imaging
Photodynamic
therapy ging

R oo

FeS,@BSA
d

12

=3
=3
1

@

—+—FeS,@BSA-Ce6

o
o
1

=
Relative tumor volum@//\)) O

Relative Cell Viability (%)

FeS,@BSA-Ce6 + PTT + POT NI —e— Control 3 ) @ ) (!} .
il FeS:@BSA.Ce6 + PTTIM [ 35 10 | —— Fes,@BsA.Ce6 Control _§ DD
FeS:@BSA-CeG + POT I —+— FeS,@BSA-Ce6 + PDT -

4“7 FeS,@BSA-Ce6 + PTT;

s+ | FeS,@BSA-Ceb ‘ Q G 0 é ‘

o
:

3 3 X v —
Concentration of Ce6 (uM) ¢z s

+PTT+PDT = 1| | Fes,@BSA-Ces - .
ipor. VRGgQ@®
FeS,@BSA-Ce6 n & @
+PTT - @ @ @
FeS,@BSA-Ce6 = "
) O € GG
0 12 14 16 TPTT+PDTe 2

Days

Fig. 10 a Synthetic route and photodynamic effect of FeS,@BSA-Ce6 for PDT and PTT therapies. b Cells treated with FeS,@BSA-Ce6 and
irradiated by a 660-nm lamp (5 MW cm™2, 30 min), 808-nm laser (0.8 W cm™2, 20 min) or both. ¢ Relative tumor volume curves and corresponding
d photograph of tumors collected from different groups (PBS-control, FeS,@BSA-Ce6, FeS,@BSA-Ce6 + PDT, FeS,@BSA-Ce6 + PTT, and FeS,@
BSA-Ce6+ PTT+ PDT). Reproduced with permission from Ref. [87]. Copyright 2018, American Chemical Society, Washington, DC

It was observed that FeS,@C-PEG can oxidize water to
form O, under NIR exposure, which can in turn increase
the therapy efficiency. Furthermore, the authors claimed
that the Fenton reaction of Fe(II) makes FeS, degrade
intracellular H,O, to produce more effectively -OH and
0,.

Another interesting nanostructured metal sulfide sys-
tem is silver sulfide (Ag,S) that exhibits excellent biocom-
patibility, superior optical properties, and a wide range
of applications, including bioimaging, fluorescent detec-
tion of molecules and metal ions, electronics, catalysis,
and energy conversion. Recently, Ag,S NPs have been
proposed to serve as PSs for PDT to treat more aggres-
sive, chemoresistant and non-solid tumors. For instance,
Wang et al reported the synthesis of Ag,S NPs using
bovine serum albumin (BSA) as a stabilizer to treat lym-
phoma [89]. In vitro studies confirmed that Ag,S NPs
could significantly control the proliferation of human
lymphoma cells compared to hepatoma carcinoma cells
under light irradiation (see Fig. 11). The authors used a
diode laser with a wavelength ranging from 400 to 600 nm

(power of 0.4 W cm™?) to irradiate the samples for 10 h.
They noticed that the strongest absorption peak occurred
in the range of 200-600 nm indicative of the strong pho-
toabsorption response of Ag,S NPs. Finally, Ag,S NPs can
also induce both ROS accumulation in human lymphoma
cells under light irradiation and significant disruption of
energy metabolism (see Fig. 11). In a separate account,
Cheng et al. reported the photodynamic therapy of Ag,S
QDs and its enhanced regulation based on polydopa-
mine (PDA) to treat mammary carcinoma (see Fig. 12)
[90]. The authors modified the surface of Ag,S QDs with
PEGylated phospholipids (DSPE-PEG,,,-NH,) to gener-
ate 'O, under irradiation of 808-nm NIR light. To further
increase ROS production, Ag,S QDs were coupled with
PDA (PDA-Ag,S) resulting in significant enhancement of
PDT effect. In vitro studies showed identical PDT effects
of Ag,S and PDA-Ag,S at longer wavelength under irra-
diation of 660 nm nm laser. Whereas in vivo therapeu-
tic assays on 4T1 tumor bearing female mice revealed
that PDA-Ag,S showed an improved PDT efficacy when
compared to Ag,S (see Fig. 12). This new PS with longer
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absorption wavelength (deeper tissue penetration) and
enhanced regulatory effect originated from PDA has
enormous advantages to expand the application of PDT
in tumor therapy.

In parallel, similar nanostructured metal sulfide sys-
tems have been reported to treat other types of cancer via
PDT and PTT. In this regard, Faghfoori et al. developed
a nanosystem based on bovine serum albumin-coated
Bi,S; (Bi,S;@BSA) NPs conjugated with methotrexate
(MTX) to form Bi,S;@BSA-MTX NPs to study its anti-
cancer effect on human colon adenocarcinoma [91]. In
vitro chemo-radiation therapy findings revealed that
the viability of treated cells with Bi,S;@BSA-MTX NPs
is significantly lower than the cells treated with Bi,S;@
BSA NPs. The apoptosis assay, without X-ray radiation,
showed that Bi,S;@BSA-MTX NPs (at 300 pg mL™)
induced a significant percentage of cell death while
Bi,S;@BSA-MTX NPs (at 100 pg mL™'), with X-ray
irradiation, demonstrated a considerable rate of apopto-
sis, which confirmed the ability of the Bi,S;@BSA-MTX
NPs as radio-sensitizer and their potential therapeutic

efficacy in living organisms. To treat other types of can-
cer, Cheng et al. studied the computed tomography
(CT) imaging-guided photodynamic and photothermal
properties of bismuth sulfide (Bi,S;) nanorods (NRs)
linked to zinc protoporphyrin IX (ZP) (BPZP) through
a thermally retractable poly(N-isopropylacrylamide-co-
acrylamide) (P(NIPAM-co-AM)) polymer, which were
intravenously administrated to 4T1 tumor-bearing mice
(see Fig. 13) [92]. The authors observed that the fast elec-
tron—hole recombination within low bandgap of Bi,S,
significantly precluded the photodynamic response. They
also observed that the heat released from Bi,S; NRs upon
NIR laser irradiation could retract the polymer and drive
ZP to the proximity of Bi,S; NRs, which facilitates an
efficient electron—hole separation in ZP and Bi,S; NRs
and leads to ROS generation. Mechanistically speaking,
the ZP molecules play a crucial role in effectively bind-
ing to the active site of the HO-1 enzyme to suppress
the cellular antioxidant defense ability, and in fostering
the subsequent ROS injury in absence of IR irradiation.
Also, such molecules can promote efficient electron—hole
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separation to enhance ROS generation by transferring
NIR laser-induced holes from Bi,S; to ZP. As concluding
remarks, the authors stated that BPZP can accumulate
into tumor, inhibit tumor HO-1 activity (see Fig. 13), and
enhance NIR irradiated oxidative injury. BPZP can act as
an effective and biocompatible antitumor nanosystem in
PDT and PTT.

The last nanostructured metal sulfide system to men-
tion is cobalt sulfide, which has intrinsic peroxidase-like
activity useful in PDT to treat cancer. Cobalt chalco-
genides are typically synthesized for NIR light activat-
able PTT due to their high photothermal conversion
efficiency and broad optical absorption in the NIR region
[93]. Cobalt sulfide ultrasmall NPs are also applicable for
systemic circulation of theranostic agents and used as
NIR responsive nanostructures for PTT/PDT therapies.
There are however some challenges to synthesize bio-
compatible cobalt sulfide NPs, which demands to employ
innovative surface modification strategies. To address
these challenges, Lin et al. synthesized multifunctional
cobalt sulfide nanodots (Co,Sg NDs) using an albumin-
biomineralized approach for photocatalytic synergetic
therapy with tumor multimodal imaging navigation (see
Fig. 14) [83]. The synthesis was driven by breeding BSA
with CoCl, to form the Co*™-BSA complex in the pres-
ence of Na,S to trigger the nucleation of CoySg NDs. The
authors used 1,3-diphenylisobenzofuran (DPBF) as a
probe for 102, which can decrease the fluorescence inten-
sity of DPBF due to oxidation reaction. They found that

upon NIR irradiation (808 nm, 0.75 W c¢cm~?) the NDs
dispersed in aqueous solution at 100 ug mL ™ Co showed
a marked time-dependent 'O, production, and the DPBF
fluorescence decreased ~40% in the presence of NDs.
This suggests that the NDs can generate 'O, when NIR
irradiated. Also, NIR irradiation stimulated charge col-
lection and separation at the surface thereby decreasing
the recombination of photo-triggered charge carriers
and accelerating the surface-dependent reactions, which
can enhance the photosensitization of CoySg NDs. The
results showed that CosSg NDs are photostable with pho-
tothermal conversion efficiency of 64%. Then the authors
irradiated.

K7M2 cells (808 nm laser) at different power densities
after incubation with the NDs (25 pg mL™! Co) for 6 h.
It was found that all NDs-treated cells were killed under
NIR irradiation at 0.75 W cm™2 for 10 min (see Fig. 14).
Based on these results, the authors investigated if this
effective photocatalytic and photothermal effect can be
translated into in vivo settings to treat tumors. To do
this, the authors intravenously injected NDs into mice
bearing K7M2 tumors, and then tumors were irradiated
with 808 nm laser at 24 h post-injection. After 5 min of
laser treatment, the surface temperature of tumors on
NDs group reached about 60 °C, while less than 5 °C was
observed for irradiated tumors on PBS group. After con-
tinuously monitoring for 21 days, the authors found that
the tumor volume of the other groups showed a three—
fivefold increase (compared to their original volume) and
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only NDs treated group exhibited tumor growth inhibi-
tion (see Fig. 14). CoySg NDs can under NIR irradiation
generate ROS to inducing cancer cell death, completely
suppressed the tumor growth and even eradicated the
tumor. The authors concluded stating that this biomi-
metic strategy could represent a significant progress for
enhanced PTT/PDT synergistic therapy with single NPs
under NIR irradiation.

Even though PDT shows certain limitations associ-
ated to limited light-penetration depth (for visible light
source<1 mm), MTSs acting as next-generation PSs and
phototherapy agents have the potential to address these
issues. They possess strong absorption in the NIR region
(around 700-1100 nm), high extinction coefficients, and
versatile surface chemistry. Biocompatible MTS PSs can
also serve as carrier nanoplatforms to address issues
related to low solubility, poor tumor selectivity and
undesirable pharmacokinetics of traditional PSs. MTS
PSs also exhibit promising physicochemical properties,
including Fenton catalysis, light conversion, radiation

enhancement, and immune activation, and synergistic
antitumor properties, which are used in cancer therapy.

Conclusions and Outlook

Over the past decades, PDT has emerged as a promising
technique for cancer therapy. Despite its wide applica-
tion, PDT poses several challenges related to low tissue
penetration of excitation light, instrumentation, tissue
oxygenation, and inherent photo-biochemical proper-
ties of PSs that limit its clinical efficacy. As a result, it is
mainly employed for the treatment of superficial tumor
or lesion in recent clinical settings. While some studies in
PDT attempted to utilize diode laser light and design NIR
light-triggered PSs to overcome tissue penetration-based
concerns, issues of innate toxicity and hydrophobicity of
PSs remain profoundly challenging [94-96].

These challenges are topics of active research, and the
advances in nanomedicine have led to brisk progress in
the development of sophisticated PSs that promise to
overcome such innate biochemical properties to some
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extent. Engineered nanomaterials offer unparalleled
advantages, endowing enhanced chemical activity and
stimulating photo-stimulated reaction at low power
irradiation. Nanostructures are adsorbed by cytomem-
branes and lead to cell oxidation by protein denatura-
tion, DNA damage, and ROS generation. Moreover, the
size, morphology, and surface of nanostructures should
be optimum to modify their ROS generation efficiency.
In pursuit of high-performance nanostructured PSs,
metal-based nanoparticles (e.g., gold nanostar and sil-
ver nanoparticles), metal-organic hybrid materials
(e.g., TiO, and ZnO nanoparticles), hollow mesoporous
silica nanoparticles, and MTSs, were reported
[97-101].

Nanostructured MTSs can be used as phototherapy
agents due primarily to their strong absorption in the
NIR region, high extinction coefficients, versatile surface
chemistry, high fluorescence, magnetism, structural, and
thermal stability. MTSs are easily obtained through low-
cost synthetic methods (compared to other NIR absorb-
ing metal NPs), which can be scaled up to advance the
reproducibility thereof. Investigations also show that
MTSs can be utilized as PSs for PDT and nanocarriers
for drug delivery due to their loading capacity, low deg-
radation, long-time period, smart targeting, and formu-
lated release. Besides their NIR absorbing capability due
to metal-like plasma oscillation near NIR region, MTSs
exhibit excellent photothermal conversion efficiency
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under NIR irradiation, and currently are under extensive
research. In the present review, different kinds of non-
toxic nanostructured MTS PSs, including molybdenum
disulfide, zinc sulfide, copper sulfide, iron sulfide, silver
sulfide, bismuth sulfide, and cobalt sulfide, were com-
prehensively introduced and investigated for PDT, PTT,
and chemotherapy applications. In these investigations,
MTSs were typically coated with biocompatible polymers
to mitigate the dark toxicity and to facilitate the inter-
penetration of cells and increased cell uptake under NIR
irradiation. Among all their excellent properties, nano-
structured MTSs were found to exhibit high absorption,
Fenton reaction catalysis, innate photothermal and pho-
todynamic response, controlled ROS production upon
NIR irradiation, light source power dependent heat gen-
eration, and desired PDT efficiency. In most of these sys-
tems, photothermally enhanced PDT synergistic effect to
treat solid tumors, induced photoablation of tumor cells
and tissues, antitumor immune response, and great cell
killing, and tumor inhibition capabilities were reported.

Despite all this progress, several persuading results and
plenty of challenges (e.g., insignificant water solubility,
photostability, and extended maintenance in tissues) limit
the photodynamic clinical applications of MTSs. Biocom-
patibility, formulation, synthesis methods, and reliability
of nanostructured MTSs must be carefully considered to
further reduce the dark toxicity; improve the biodistribu-
tion, pharmacokinetics, clearance (after their therapeutic
action), and discrimination between tumor and healthy
tissues; and increase the upconversion efficiency. Func-
tionalization of MTSs with specific target molecules to
favor tumor accumulation should be also studied along
with their degradation and metabolism. In this review,
one of the main common limitations observed was the
high laser power intensity, which in most cases was sig-
nificantly higher than the clinically approved levels fur-
ther restraining clinical translation. As for dose-limiting
systematic toxicity of MTSs, no clear consensus has set-
tled at least from the in vitro (mostly) and in vivo data
covered in this review. In general, extensive research is
continuously required to increase the PDT effectiveness
and address these challenges. Taken altogether, to make
PDT an interventional treatment and frontier method
to fight against cancer, a critical and honest knowledge
transfer from the different PDT-involved fields is des-
perately needed, with experts on this multidisciplinary
topic effectively discussing the main hurdles and realistic
opportunities.
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